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While the arcminute-scale cosmic microwave background (CMB) anisotropies are due to secondary
effects, point sources dominate the total anisotropy power spectrum. At high frequencies the point sources
are primarily in the form of dusty, star-forming galaxies. Both Herschel and Planck have recently
measured the anisotropy power spectrum of cosmic infrared background (CIB) generated by dusty, star-
forming galaxies from degree to subarcminute angular scales, including the nonlinear clustering of these
galaxies at multipoles of 3000 to 6000 relevant to CMB secondary anisotropy studies. We scale the CIB
angular power spectra to CMB frequencies and interpret the combined WMAP-7 year and arcminute-scale
Atacama Cosmology Telescope and South Pole Telescope CMB power spectra measurements to constrain
the Sunyaev-Zel’dovich (SZ) effects. Allowing the CIB clustering amplitude to vary, we constrain the
amplitudes of thermal and kinetic SZ power spectra at 150 GHz.
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I. INTRODUCTION
The cosmic microwave background (CMB) radiation
represents a fundamental observable for cosmology and
at present the most powerful one for the investigation of
several open questions, such as the nature of inflation or
primordial non-Gaussianity. In two years the Planck satel-
lite [1] will provide a measure of the anisotropies of the
CMB with a precision never reached before, which will
allow a highly precise determination of the standard cos-
mological parameters as well as major constraints on some
nonstandard physics processes.
The observation of CMB anisotropies is affected by
several systematics and secondary effects due to the fact
that the CMB is not the only source of emission in the
microwave frequencies and to the formation of structures
between the observer and the last scattering surface [2–5].
The great accuracy of future data requires a compelling
description of these effects, in order to separate the differ-
ent contributions to the anisotropies and to distinguish
primordial and secondary effects (see [6]). The observable
used to extract most of the cosmological information from
the CMB is the angular power spectrum C‘. Secondary
effects or unresolved foregrounds provide a contribution to
the observed C‘. In order to obtain an unbiased determi-
nation of the cosmological parameters from CMB maps, it
is necessary to correctly describe possible contaminations.
On the other hand, both contaminants and secondary ef-
fects themselves contain certain cosmological and astro-
physical information, especially on the formation of
structure at late times and the large-scale structure of the
Universe, so that the separation of these components from
primordial CMB fluctuations becomes an important
science goal on its own. The Galactic emission and radio
point sources are typical examples of foreground contami-
nation in CMB maps. While the bright sources detected in
maps can be removed with a suitable mask before the
estimation of the angular power spectrum, unresolved
point sources will contribute to the total anisotropy power
spectrum C‘.
The Sunyaev-Zel’dovich (SZ) effect [7], caused by the
Compton scattering of the CMB photons by the electrons
in the Universe, is a well-known secondary anisotropy
studied by a variety of experiments. The SZ effect contains
cosmological information, since the angular power spec-
trum of secondary temperature anisotropy arising from SZ
scattering depends on both the gas distribution in galaxy
clusters and on the amplitude of the matter density fluctu-
ations 8 [8–11]. Since the SZ thermal effect has a unique
spectral signature relative to the CMB thermal spectrum,
the SZ signal can be distinguished from primary CMB
anisotropies and other foregrounds using observations at
multiple frequencies across the SZ null at217 GHz [12].
Such a separation, however, is not feasible with kinetic SZ
effect associated with peculiar motions of the electrons
scattering the CMB [7] as the signal has the same spectrum
as that of the CMB. Even for the SZ thermal effect, in
realistic experiments, the main obstacles that limit a clear
detection of the thermal signal comes from uncertainties in
the modeling of the kinetic contribution and the difficulty
of separating SZ effects from clustered point sources.
The contribution of unresolved point sources and SZ
effect is best seen on small angular scales where they
dominate the total CMB angular power spectrum. The
use of data at these small angular scales is, hence, becom-
ing decisive in the analysis of CMB data. In this work we
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analyze large ‘ data (up to ‘ 9000) from the South Pole
Telescope (SPT) at 150 and 220 GHz [13] and from the
Atacama Cosmology Telescope (ACT) [14,15] at 150 GHz
combined with Wilkinson microwave anisotropy probe
(WMAP) data after 7 years of observation [16] to put
constraints on the two SZ effects.
In previous studies, significant limitations came from
uncertainties associated with clustering of dusty star-
forming galaxies (DSFG) that contribute to high-frequency
CMB data. Such clustering has now been measured with
both Herschel [17] and Planck [1] experiments. In the
context of CMB studies, Herschel measurements are
most useful as they probe the DSFG clustering down to
subarcminute angular scales at scales well matched to
arcminute-scale CMB experiments while Planck measure-
ments are limited to scales greater than 50 or ‘ < 2000. In
this work we describe the clustering of unresolved point
sources making use of the same template of [17], where the
authors reported a detection of both the linear clustering
and the nonlinear clustering at a few arcminute scales,
corresponding to ‘ 4000.
We perform a Monte Carlo Markov chain analysis con-
straining both the thermal and the kinetic terms of the SZ
effect together with the Poisson and clustering corrections
due to unresolved point sources, including radio sources at
lower frequencies such as 150 GHz. In the next section
we recall more details on the contribution of the SZ effect
and foregrounds to the CMB anisotropy power spectra.
Section III describes the parametrization and the templates
we used to model the foreground and the SZ contamination
to the CMB angular anisotropy power spectrum. In Sec. IV
we show the results and conclude with a summary.
II. PARAMETRIZING SZ EFFECT
AND FOREGROUNDS
In this section we briefly describe the adopted parame-
trizations and templates for the Sunyaev-Zel’dovich effect,
unresolved extragalactic point source foregrounds, and
lensing.
A. Sunyaev-Zel’dovich thermal and kinetic effect
The SZ effect has two different contributions, one from
the thermal motion of the electrons [thermal SZ effect
(tSZ)] and one from the bulk motion of the electrons
relative to the CMB [kinetic SZ (kSZ)]. The former con-
tribution has a distinct frequency dependence, while the
kSZ effect causes only a Doppler shift of the incident CMB
spectrum retaining the black body shape. The total SZ
signal in a generic direction n^ is then given by (see, for
example, Sec. 2 in [14]):
TSZðÞ ¼ fðxÞ
fðx0ÞT
tSZ
0 ðn^Þ þTkSZðn^Þ; (1)
with x ¼ h=kBTCMB and fðxÞ ¼ 2 x=2 tanhðx=2Þ. Here
TtSz0 is the expected thermal contribution at frequency 0.
From fðxÞ it can easily be seen that the thermal SZ effect
vanishes at 218 GHz. We model the SZ contributions to
the anisotropy angular power spectrum, relative to a tem-
plate power spectrum, as
DSZ;ij‘ ¼ AtSZ
fðiÞ
fð0Þ
fðjÞ
fð0ÞD
tSZ
0;‘ þ AkSZDkSZ0;‘ ; (2)
whereD‘ ¼ ‘ð‘þ 1ÞC‘=2 andDi0;‘ is the template spec-
trum for either thermal or kinetic SZ. In this work we
consider the SZ templates from [18], computed by tracing
through a dark matter simulation and processed to include
gas in dark matter halos and in the filamentary intergalactic
medium. The thermal SZ template describes the power
from tSZ temperature fluctuations from all clusters for a
universe normalized with amplitude of matter fluctuations
8 ¼ 0:8. In particular, we use the ‘‘standard’’ model of
[18], that was first described in [19], and assuming a 8
scaling given by DtSz0;‘ / ð8=0:8Þ8:1 as found in [18]. For
these templates the reference values at ‘ ¼ 3000 are
DtSz0;‘¼3000 ’ 8:9 K2 and DkSZ0;‘¼3000 ’ 2:1 K2
B. Foregrounds from unresolved extragalactic
point sources.
The foregrounds contribution to the CMB power spec-
trum at arcminute angular scales arises essentially from
unresolved extragalactic point sources. These sources
provide two contributions, a Poisson term due to the ran-
dom discrete distribution and a clustering term accounting
for the large-scale distribution of the sources. We assume
the Poisson term as constant in C‘, modeling it as D
Poiss
‘ ¼
APoissD
Poiss
0;‘ , where D
Poiss
0;‘ ¼ ð‘=3000Þ2. The clustered term
can be similarly expressed as Dclust;ij‘ ¼ Aclustði; jÞDclust0;‘ ,
where Dclust0;‘ is the point sources clustering template and
Aclustði; jÞ encodes the frequency scaling (see Sec. III for
further details). The contribution to point sources comes
from radio point sources and dusty star-forming galaxies
(DSFG). At 220 GHz the main point source contribution is
mainly DSFGs while at 150 GHz the point sources are
primarily radio sources with a synchrotron spectrum. We
therefore neglect the clustering of radio sources and as-
sume that the contribution from radio sources is essentially
described only by a Poisson behavior. For clustered DSFGs
we adopt the template from [17], where the authors re-
ported a detection of both the linear clustering and the
excess of clustering associated with the 1-halo term at
arcminute scales. Those data are from the Herschel multi-
tiered extragalactic survey (HerMES) [20], taken with the
spectral and photometric imaging receiver (SPIRE) on-
board the Herschel Space Observatory [21].
C. CMB lensing
It is well known that gravitational lensing of CMB
anisotropies by large-scale structure tends to increase the
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power at small angular scales (see [22] for a recent review).
A proper calculation of this effect is, hence, necessary in
order to prevent an incorrect estimate of the foregrounds
and SZ parameters. The calculation of lensed CMB spectra
out to ‘ ¼ 9000 is prohibitively expensive in computa-
tional time. Instead, we approximate the impact of lensing
by adding a fixed lensing template Dlens‘ computed by
running CAMB [23] with and without the lensing option
and taking the difference between these spectra. In this run,
the cosmological parameters of theCDMmodel are fixed
at the best-fit values WMAP7. In [13] it has been estimated
that the error due to this approximation is less than
0:5 K2 at ‘ > 3000 and is, hence, negligible with respect
to secondary and foregrounds contributions. The lensing
contribution is clearly frequency independent.
III. ANALYSIS METHOD AND DATA
We place constraints on the cosmological parameters
and on the SZ and foreground parameters using the 7-years
WMAP data in combination with the SPT data at 150 GHz
and at 220 GHz, and the ACT data at 148 GHz. The SPT
and ACT data sets are necessary to analyze the smaller
scales of the power spectrum where point sources and SZ
are dominant. For the SPT data we select the single fre-
quency 15 15 blocks from the full 45 45 covariance
matrix provided by the SPT collaboration (see [13]), ne-
glecting the correlation between different frequencies.
We use a 6-parameter flat-CDM cosmological model
to describe primary CMB anisotropies and reionization:
the baryon and dark matter physical energy densitiesbh
2,
ch
2, the reionization optical depth , the ratio of the
sound horizon to the angular diameter distance at the
decoupling , the amplitude of the curvature perturbation
As (with flat prior on logAs), and the spectral index ns;
these two last parameters are both defined at the pivot scale
k0 ¼ 0:002 hMpc1. In addition to the standard cosmo-
logical parameters we include the SZ and foreground
parameters described in the previous section. We perform
aMonte CarloMarkov chain analysis based on the publicly
available package COSMOMC [24] suitably modified to
account for the additional parameters, with a convergence
diagnostic based on the Gelman and Rubin statistics. When
estimating parameters with point sources and SZ included,
the total CMB anisotropy spectra are three, one for each
frequency plus the cross-correlation term, because of the
frequency dependence of the secondary anisotropies.
In order to study the stability of our results on the
assumed parametrization, we perform three different
analyses, both with 6 additional parameters describing
SZ effect and foregrounds, but considering different
parametrizations.
First case: ‘‘run1’’.—In the first case, that we define as
run1 in what follows, we consider the SZ effect parameters
AtSZ and AkSZ, the Poissonian contribution A
150
Poiss and A
220
Poiss,
and the Poisson contribution for the 150 220 GHz cross
correlation AXPoiss. The use of the A
X
Poiss extra parameter for
the cross correlation of Poisson point source can be justi-
fied from the possibility that the contribution at one single
frequency comes from more than one point source popu-
lation and that the two channels are not fully correlated.
This possibility has not been considered in previous analy-
ses and is therefore important to evaluate the impact of this
assumption. Finally, we consider a single clustered point
sources parameter, Aclust, scaling the contribution at differ-
ent frequencies using the relation of [25]:
I ¼ 8:80 105ð=0ÞPð13:6 KÞ;
with 0 ¼ 100 cm1, following recent results from Planck
[1]. In what follows we refer to this scaling as ‘‘Gispert’’
scaling.
In summary, the spectra in run1 are defined as
D‘ð150Þ ¼ Dlens‘ þ AtSZDtSZ0;‘ þ AkSZDkSZ0;‘
þ AclustDclust1500;‘ þ A150PoissDPoiss0;‘
D‘ð220Þ ¼ Dlens‘ þ AkSZDkSZ0;‘ þ AclustDclust2200;‘
þ A220PoissDPoiss0;‘
D‘ð150 220Þ ¼ Dlens‘ þ AkSZDkSZ0;‘ þ AclustDclustcross0;‘
þ AcrossPoissDPoiss0;‘ :
The thermal SZ effect is negligible at 220 GHz. The
contribution of the thermal SZ effect to the cross-correlated
power spectrum may not vanish in the presence of a spatial
correlation between IR sources and the clusters that cause
the thermal SZ. Nevertheless, as shown in [13], the effect
of this correlation is negligible for the SPT data (see para-
graph 7.4 in [13] for further details). We, hence, do not
consider this contribution when fitting the data.
Second case: ‘‘run2’’.—In the second analysis, to which
in what follows we refer as run2, we assume full correla-
tion between the Poisson point sources signal at 150 and
220 GHz as done in previous analyses, i.e. we fix the cross
amplitude of Poisson point sources at the square root of the
product of the amplitudes at 150 and 220, AXPoiss ¼ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
A150PoissA
220
Poiss
q
. Moreover, we do not scale the clustered point
sources template and we use instead two different parame-
ters for 150 and 220 GHz. This second analysis is more
similar to the one presented in [13]; however, we point out
that while here we consider the amplitudes at different
frequencies as free parameters, [13] considered the ampli-
tudes at one single frequency and one common frequency
spectral index for clustered and point sources as free
parameters.
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In this second case the foreground spectra are defined as
D‘ð150Þ ¼ Dlens‘;150 þ AtSZDtSZ0;‘ þ AkSZDkSZ0;‘
þ Aclust150Dclust0;‘ þ A150PoissDPoiss0;‘
D‘ð220Þ ¼ Dlens‘;220 þ AkSZDkSZ0;‘ þ Aclust220Dclust0;‘
þ A220PoissDPoiss0;‘
D‘ð150 220Þ ¼ Dlens‘;X þ AkSZDkSZ0;‘
þ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃAclust150Aclust220
p
Dclust0;‘
þ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃAPoiss150APoiss220
p
Dcross0;‘ :
Third case: ‘‘run3’’.—Finally we combine 150 GHz
data of SPT and ACT, using separate parameters for ACT
and SPT both for clustered and Poisson point sources, to
account for the different masking thresholds of the point
sources. In this case we have
D‘ð150Þ ¼ Dlens‘;150 þ AtSZDtSZ0;‘ þ AkSZDkSZ0;‘
þ AclustACTDclust0;‘ þ A150PoissACTDPoiss0;‘
þ AclustSPTDclust0;‘ þ A150PoissSPTDPoiss0;‘ :
IV. RESULTS
In Table I we report the mean values of the cosmological
parameters and their 68% C.L. uncertainty from SPT data
at 150 and 220 GHz for the run1 and run2 analyses, while
in Table II we list the mean values of the cosmological
parameters and their 68% C.L. uncertainty from ACT data
(run3) combined with SPT data at 150 GHz. In order to
facilitate the comparison with other works present in the
literature we also translate the constraints on the fore-
ground amplitudes into the foreground power spectrum at
‘ ¼ 3000, D‘¼3000. Since a significant correlation exists
between thermal and kinetic SZ and since the kinetic SZ is
predicted to be small, we also perform an analysis by fixing
DkSZ‘¼3000 ¼ 2 K2.
We find that for the run1 case the thermal SZ anisotropy
amplitude is DtSZ‘¼3000 ¼ 2:2 1:5 K2. While a 1 in-
dication for SZ is present our result is less significant than
the one reported by [13] with DtSZ‘¼3000 ¼ 3:2 1:3 K2
i.e. with a thermal SZ detection at more than 2 standard
deviations. The result on the kinetic SZ component is
compatible with DkSZ‘¼3000 ¼ 2:7 1:9 K2 at
68% C.L. from our analysis to be compared with
DkSZ‘¼3000 ¼ 2:4 2:0 K2 from [13].
Although the point sources and SZ parameters do
not show significant degeneracies with cosmological
TABLE I. Mean values and 68% error bars from SPT data at 150 and 220 GHz. The run1 case
is with only one DSFG clustering amplitude allowed to vary and frequency scaling fixed from
[25], consistent with Planck [1]. The run2 case is with two DSFG clustering amplitudes allowed
to vary, without frequency scaling.
WMAP7þ SPT
(run1, kSZ free)
WMAP7þ SPT
(run1)
WMAP7þ SPT
(run2, kSZ free)
WMAP7þ SPT
(run2)
102bh
2 2:267 0:049 2:268 0:051 2:264 0:049 2:269 0:049
ch
2 0:113 0:005 0:113 0:004 0:1126 0:0052 0:1127 0:0052
 0:090 0:015 0:089 0:015 0:089 0:015 0:090 0:014
ns 0:973 0:013 0:973 0:013 0:972 0:013 0:972 0:012
lnð1010AsÞ 3:18 0:04 3:18 0:04 3:18 0:045 3:18 0:04
m 0:278 0:028 0:279 0:029 0:276 0:029 0:276 0:028
8 0:823 0:028 0:825 0:028 0:820 0:0272 0:821 0:026
AtSZ 0:24 0:17 0:25 0:16 0:33 0:23 0:52 0:22
AkSZ 1:3 0:9 [1] 2:7 1:4 [1]
Aclust 1:05 0:19 1:08 0:14      
Aclust150       0:44 0:27 0:66 0:26
Aclust220       8:2 1:7 8:7 1:5
DtSZ‘3000 (K
2) 2:2 1:5 2:3 1:4 2:9 2:0 4:7 2:0
DkSZ‘3000 (K
2) 2:7 1:9 [2.05] 5:5 3:0 [2.05]
Dclust150‘3000 (K
2) 6:05 1:06 6:26 0:82 2:51 1:60 3:81 1:53
Dclust220‘3000 (K
2) 39:11 6:79 40:63 5:08 47:33 9:78 50:47 9:17
DPoiss150‘3000 (K
2) 10:03 0:67 10:1 0:7 10:38 0:63 10:33 0:67
DPoiss220‘3000 (K
2) 79:5 4:8 80 5 77:89 4:49 76:5 4:0
DPoisscross‘3000 (K
2) 26:8 1:4 26:8 1:4      
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parameters (see also [26]), a strong correlation exists be-
tween AtSZ and AkSZ and to a smaller extent between
AtSZ;kSZ and Aclust. This can be seen in Fig. 1 where we
show the 2D likelihood constraints in the plane
DkSZ‘¼3000 DtSZl¼3000 for the run2 and the run3 case. Fixing
the kSZ term slightly improves the detection for the ther-
mal SZ with DtSZ‘¼3000 ¼ 2:3 1:4 K2 in run1 but still
with less significance than the one in [13] where a value
of DtSZ‘¼3000 ¼ 3:5 1:0 K2 is reported.
Based on the degeneracy direction of Fig. 1, we con-
strain the sum of the SZ effects at ‘ ¼ 3000 to be
D‘¼3000tSZ þ 0:5D‘¼3000kSZ ¼ 3:5 1:8 K2 to be compared
4:5 1:0 K2 of [13]. These amplitudes are consistent
but, again, the significance of the detection is worse than
[13] who found this sum to be 4:5 1:0 K2.
The small discrepancy with the results presented in [13]
comes essentially from the different parametrization
used. Adopting a more similar parametrization as in the
case of run2 we found DtSZ‘¼3000 ¼ 2:9 2:0 K2,
DkSZ‘¼3000 ¼ 5:5 3:0 K2 at 68% C.L., D‘¼3000tSZ þ
0:5D‘¼3000kSZ ¼ 5:6 2:6 K2, yielding a detection for the
thermal SZ with higher significance. In case of fixed kSZ
we obtain DtSZ‘¼3000 ¼ 4:7 2:0 K2, again a more signifi-
cant detection in better agreement with [13].
The different assumptions in the frequency scaling of the
clustered point sources component in run1 and run2 is the
main explanation for the difference in the results. In run1,
taking into account Gispert scaling [25], we find
Dclust220‘¼3000 ¼ 39:11 6:79 K2, while in run2, when the
amplitude of the clustering point sources is allowed to
vary, we have Dclust220‘¼3000 ¼ 47:33 9:78 K2, that is more
consistent with the corresponding value of Dclust220‘¼3000 ¼
57 9 reported in [13]. A small tension therefore exists
between the Gispert scaling and the data at 220 GHz,
resulting also in a worse determination of the thermal SZ
signal. The use of a different parametrization of the point
source (just amplitudes in our case while [13] varies one
amplitude and one spectral index per component) can
explain the remaining differences.
Concerning he Poisson point sources component at
150 GHz, our results are different when directly compared
to those from [13], both in run1 and run2. At 150 GHz we
find DPoiss150‘¼3000 ¼ 10:03 0:67 K2 in run1 and DPoiss150‘¼3000 ¼
10:38 0:63 K2 in run2, while the value in [13] is
DPoiss150‘¼3000 ¼ 7:4 0:6 K2. This difference is explained
in straightforward terms if we take in account that in [13]
radio galaxies are included in their ‘‘baseline model’’ with
an amplitudeDr‘¼3000 ¼ 1:28 K2 with a 15% uncertainty.
Clustering of radio galaxies is negligible, so this radio
galaxies term is a Poisson-like term of the form / ‘2.
Adding this component, our Poisson amplitudes are con-
sistent with those reported by [13] within 1. In run1 at
150 GHz we find DPoiss150‘¼3000 ¼ 10:03 0:67 K2, while in
[13] the correspondent total Poisson contribution at ‘ ¼
3000 is about ð8:68 0:69Þ K2. At 220 GHz we find
DPoiss220l¼3000 ¼ 79:5 4:8 K2 in run1 and DPoiss220‘¼3000 ¼
77:89 4:49 K2 in run2, while the value in [13] is
DPoiss220‘¼3000 ¼ 71 5 K2.
We can therefore conclude that the current results pre-
sented in the literature on the amplitude of the secondary
anisotropies should be considered with great care since
there is a clear dependence on the parametrization used,
on the frequency scaling adopted and on the assumed
templates. We stress that, apart from small discrepancies
DtSZl=3000
D
kS
Z
l=
30
00
0 2 4 6 8 10
0
2
4
6
8
10
12
14
FIG. 1 (color online). Joint two-dimensional posterior proba-
bility contours showing 68% and 95% C.L. constraints on
Dksz‘¼3000 and D
tSZ
‘¼3000 from ACT 150 GHz data (red) and SPT
all frequencies data (blue) for the run2 case.
TABLE II. Mean values and 68% error bars from ACT data
combined with SPT data at 150 GHz.
WMAP7þ SPTþ
ACT (kSZ free) WMAP7þ SPTþ ACT
102bh
2 2:232 0:047 2:234 0:046
ch
2 0:1121 0:0050 0:1124 0:0053
 0:086 0:014 0:086 0:015
ns 0:964 0:012 0:964 0:012
lnð1010AsÞ 3:20 0:043 3:19 0:04
m 0:274 0:027 0:275 0:028
8 0:812 0:0255 0:813 0:027
AtSZ 0:34 0:25 0:38 0:24
AkSZ 1:6 1:1 [1]
Aclustact 0:66 0:56 0:75 0:59
Aclustspt 0:66 0:43 0:77 0:41
DtSZ‘3000 (K
2) 3:1 2:3 3:5 2:2
DkSZ‘3000 (K
2) 3:2 2:3 [2]
Dclustact‘3000 (K
2) 3:9 3:2 4:2 3:2
DPoissact‘3000 (K
2) 13:4 2:4 13:5 2:5
D
clustspt
‘3000 (K
2) 3:8 2:5 4:5 2:4
D
Poissspt
‘3000 (K
2) 10:2 0:8 10:2 0:8
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imputable to differences in the parameterization, all our
results for the SZ amplitudes from the analysis of SPT data
both for our run1 and run2 cases, are substantially consis-
tent with the analysis of the same data made by [13], even
if we are finding less tight constraints. Our results, hence,
compare in the same way to the recent predictions of tSZ
power made by the models of [18,27,28] confirming that
these models overestimate the power of the tSZ signal, as
already found in [13].
In Fig. 2 we show the recent CIB power spectra data of
the Planck collaboration [1] at 217 GHz and small angular
scale CMB power spectrum data from SPT, at 220 GHz,
with a comparison to scaled measurements from [17]. The
Herschel model is shown in terms of the 1-halo and 2-halo
contributions to the total power spectrum. For reference,
we also show the model used by [29] at 220 GHz to
describe the clustering of DSFGs, which overestimated
the power at tens of arcminute angular scales and above
relative to Herschel and Planck DSFG clustering measure-
ments. The authors of [29] used a linear model to analyze
their data. At small angular scales, nonlinear effects are not
negligible and using a linear model to interpret the data
may lead to a wrong determination of the bias and, hence,
to an overestimation of the power at larger angular scales
FIG. 2 (color online). Planck DSFG clustering data (red
points) at 217 GHz and SPT data at 220 GHz (white points)
compared with the combination (solid black line) of the Poisson
term (green line) and clustering term (red) of unresolved point
sources by scaling the best-fit model to measurements made with
Herschel at 350 m to 217 GHz using the frequency scaling of
[25]. We show the 1-halo (pink) and 2-halo (orange) contribu-
tions to the clustering term following [17]. The dashed lines are
the 220 GHz SPT DSFG power spectrum components from [29],
which resulted in an overestimate of Planck DSFG clustering at
‘ < 3000.
FIG. 3 (color online). Contribution to the angular anisotropy power spectrum from point sources and from SZ effect for the best-fit
model of theWMAP7þ SPT analysis. The left panel is 150 GHz, the middle 220 GHz, and the right panel shows the cross spectra. The
kSZ term is the orange solid line and the tSZ term at 150 GHz is the purple line. Green lines are the Poisson terms and blue lines are the
clustering contributions. The black lines are the total best-fit power spectra. Black dots are SPTdata and red squares areWMAP7data. The
bottom panels show the residual relative to the total model, including primordial CMB and best-fit secondary anisotropy amplitudes.
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(see also discussion in [1]). Instead our model shows a
good fit of both Planck and SPT CIB.
In Fig. 3 we show the best-fit models for each compo-
nent compared with the SPTandWMAP7 data. In the run1,
when only one amplitude of clustered DSFGs is allowed to
vary when fitting the all frequencies SPT data combined
with WMAP7 data, we find that Aclust ¼ 1:05 0:19. This
suggests that the combination of the [17] model and the
frequency scaling for the mean CIB is a good fit of the
DSFG clustering at lower CMB frequencies. Higher pre-
cision CMB power spectra at 150, 220, and 350 GHz and a
direct cross correlation of Herschel-SPIRE maps against
the CMB will be necessary to study if fluctuations scale
with frequency as the mean CIB intensity and to improve
overall constraints on secondary anisotropies.
V. CONCLUSIONS
In conclusion, we provided a new analysis of the fore-
ground contribution to the CMB data making use of the
latest ACT and SPT results. Our work is complementary to
those presented by the SPT and ACT experimental teams
since we use a different parametrization of the foregrounds
contribution and different templates. The foreground con-
tribution from Poisson point sources at 220 and 150 GHz is
detected with very high significance (at more than 15
standard deviations) with no particular dependence on the
parametrization used (run1 and run2 cases are giving very
consistent results). The contribution from clustered point
sources is also well detected at 220 GHz. We have found
that current CMB data favors a larger contribution at this
frequency than the one expected by the Gispert frequency
scaling once the data is normalized at 150 GHz. The
thermal SZ component is detected at a level slightly above
the 2 standard deviations. However, a different parametri-
zation of the components and the assumption of the Gispert
scaling could bring this detection to about 1 standard
deviation. The correlation with the kinetic SZ term is
present in the data despite the multifrequency approach.
More data at more frequencies are clearly needed to estab-
lish a strong detection of the SZ term.
While our constraints do not improve the results in the
literature, we have made a significant addition to prior
studies by firmly establishing the power spectrum of
DSFGs that dominate the arcminute-scale CMB anisotro-
pies at 220 GHz and higher frequencies. This comes from
the recent Herschel results combined with Planck-
confirmed frequency spectrum for the CIB mean intensity.
In the future, additional improvements will come from
directly cross correlating the CMB maps against high-
resolution CIB maps from Herschel; for this a Herschel-
SPIRE survey at the same large areas as CMB surveys will
become useful [30].
ACKNOWLEDGMENTS
It is a pleasure to thank Erminia Calabrese for useful
suggestions and comments. M.A. thanks the group at UCI
for hospitality while this research was conducted. We
thank NSF AST-0645427 and NASA NNX10AD42G for
support.
[1] P. Ade et al. (Planck Collaboration) Astron. Astrophys.
536, A18 (2011).
[2] N. Aghanim et al., Rep. Prog. Phys. 71, 066902 (2008).
[3] G. De Zotti et al., Astron. Astrophys. 431, 893 (2005).
[4] M. Tegmark and G. Efstathiou, Mon. Not. R. Astron. Soc.
281, 1297 (1996).
[5] L. Toffolatti et al., Mon. Not. R. Astron. Soc. 297, 117
(1998).
[6] M. Millea et al., Astrophys. J. 746, 4 (2012).
[7] R. A. Sunyaev and Y. B. Zeldovich, Astrophys. Space Sci.
7, 3 (1970).
[8] F. Atrio-Barandela and J. P. Mu¨cket, Astrophys. J. 515,
465 (1999).
[9] J. R. Bond et al., Astrophys. J. 626, 12 (2005).
[10] A. Cooray, Phys. Rev. D 62, 103506 (2000).
[11] E. Komatsu and T. Kitayama, Astrophys. J. 526, L1
(1999).
[12] A. Hu. W. Cooray and M. Tegmark, Astrophys. J. 540, 1
(2000).
[13] E. Shirokoff et al., Astrophys. J. 736, 61 (2011).
[14] J. Dunkley et al., Astrophys. J. 739, 52 (2011).
[15] S. Das et al., Astrophys. J. 729, 62 (2011).
[16] E. Komatsu et al. (WMAP Collaboration), Astrophys. J.
Suppl. Ser. 192, 18 (2011).
[17] A. Amblard et al., Nature (London) 470, 510 (2011).
[18] H. Trac et al., Astrophys. J. 727, 94 (2011).
[19] N. Sehgal et al., Astrophys. J. 709, 920 (2010).
[20] S. Oliver et al. (to be published).
[21] G. L. Pilbratt et al., Astron. Astrophys. 518, L1 (2010).
[22] D. Hanson et al., Gen. Relativ. Gravit. 42, 2197 (2010).
[23] A. Lewis et al., Astrophys. J. 538, 473 (2000).
[24] A. Lewis and S. Bridle, Phys. Rev. D 66, 103511 (2002).
[25] R. Gispert et al., Lect. Notes Phys. 548, 136 (2000).
[26] P. Serra et al., Phys. Rev. D 78, 043004 (2008).
[27] L. D. Shaw, D. Nagai, S. Bhattacharya, and E. T. Lau,
Astrophys. J. 725, 1452 (2010).
[28] N. Battaglia, J. R. Bond, C. Pfrommer, J. L. Sievers, and
D. Sijacki, Astrophys. J. 725, 91 (2010).
[29] N. R. Hall et al., Astrophys. J. 718, 632 (2010).
[30] A. Cooray et al., arXiv:1007.3519.
AMPLITUDES OF THERMAL AND KINETIC SUNYAEV- . . . PHYSICAL REVIEW D 85, 043015 (2012)
043015-7
